Thirty-three female pigs from 25 to 70 kg body weight were fed isocaloric and isoprotein diets composed of rapeseed (RSM) or soyabean meal (SBM) and a wheat-barley mixture with high intrinsic phytase content (over 900 FTU/kg). Basal diets containing 0.19-0.20% of digestible P were unsupplemented or supplemented with either microbial phytase (1000 FTU/kg, Natuphos®) or dicalcium phosphate to the level of 0.25% recommended for growing pigs. Apparent digestibility of nutrients, growth performance, carcass value, physical properties of the femur, third metatarsal and metacarpal and chemical composition of the whole bodies of pigs were investigated.
changed by phytase or dicalcium supplementation, except the strength value in the third metacarpal
INTRODUCTION
In most protein-feeds of plant origin phosphorous is poorly available for pigs due to the proportion of phytate P in feedstuffs and the lack of intrinsic phytase (Dungelhoef et al., 1994; Rodehutscord et al, 1996) . Numerous reports have shown that addition of microbial phytase to pig diets can release a significant portion of the bound P, improving phosphorus availability (Nasi et al., 1995; Helander et al., 1996; Kornegay and Qian, 1996) . Microbial phytase supplementation was mainly effective in diets formulated with maize and soyabean meal, which have extremely low plant phytase contents (Jongbloed et al., 1996; Kornegay and Qian, 1996) . However, concentrates for pigs are often based on other cereals such as wheat, barley, rye, and triticale which have markedly higher P availability than maize. This is attributed to the frequently very high intrinsic phytase activity in these cereals, as reviewed by Weremko et al. (1997) . Supplementation of such feedstuffs with microbial phytase could further improve P digestibility by 7-14% (Diingehoef et al, 1994; Fandrejewski et al., 1997) .
Until recently, not enough attention was paid to barley and wheat with high phytase contents in the formulation of practical diets for pigs. Some diets based on such cereals contain a large proportion of RSM, which is one of the richest sources of P of plant origin (Pointillart et al., 1985; Nasi et al., 1995) , and covers the animal's needs for total phosphorus. However, the availability of P from such diets for growing pigs is almost unknown.
Current recommendations for P requirements of pigs vary due to the criteria of adequacy. Obviously, several criteria, not only one, should be taken into consideration in pig nutrition -this includes environmental pollution. Estimation of the chemical composition of the whole body of pigs seems to be one of the convenient methods of studying P balance in pigs .
The presented experiment was conducted to determine the response of growing pigs to a level of digestible P in the diet reduced to below a current recommendations, and to determine the effect of adding microbial phytase to cereal-RSM or SBM-diets when the cereals contain high levels of intrinsic phytase. Digestibility of phosphorus, its deposition in the body as well as carcass and bone characteristics were studied on growing pigs kept in environmental conditions similar to practice.
MATERIAL AND METHODS

Diets
Rapeseed meal (RSM), soyabean meal (SBM), wheat and barley that contained 13.1, 6.1, 3.4 and 3.3 g P per kg dry matter were used. The concentration of phytate P as a proportion of total P was 0.67, 0.55, 0.66 and 0.71, respectively. Plant ingredients differed markedly due to phytase activity, which was extremely low in RSM and SBM (<60 FTU/kg), high in barley (795 FTU/kg), and the highest in wheat (1710 FTU/kg). The RSM contained 22 moles of glucosinolates per kg of fat-free dry matter.
Two basic diets (B) containing the RSM or SBM were formulated to meet requirements of pigs from 25 to 70 kg liveweight for metabolisable energy (12.5 MJ/kg) and crude protein (17.0%) ( Table 1 ). The concentration of digestible P in both basal diets (1.8 g/kg) estimated from chemical analysis and digestive coefficient calculated from data given in Nutrient Requirements of Pigs (1993) was below present recommendations for growing pigs.
The RSM/B diet was composed from RSM, wheat and barley that were the only sources of phosphorus (0.57% total P). The RSM/M diet was supplemented with microbial phytase (1000 FTU/kg, Natuphos, BASF), whereas the RSM/D diet was supplemented with 0.58% dicalcium phosphate to the level of 2.5 g/kg digestible P, recommended by the Nutrient Requirements of Pigs (1993) . The basal diet with the soyabean meal (SBM/B) was supplemented with inorganic P (0.04%) to maintain a level of digestible-P similar to the RSM/B diet. The SBM/M and SBM/D-diets were supplemented with either microbial phytase or dicalcium phytase.
The Ca:P-total ratio in all diets was maintained at 1.3:1 by addition of limestone and/or dicalcium phosphate. Vitamins and essential trace elements were added to the diets as a premix. L-lysine • HC1 and DL-methionine were added to maintain the balance of essential amino acids.
Animals and procedures
The experiment was carried out on 5-6 growing pigs in a 3 x 2 factorial design. Landrace gilts, taken from a breeding farm, were closely related, often originated from the same litters. The pigs were allowed at least 1 week to adjust to the pen. The dietary treatments were then introduced over a 3 d period, when the pigs reached 25 kg liveweight (s.e.= 0.12 kg). Animals were kept in individual pens (1.3 x 2.6 m) on a non-slatted floor and fed twice daily, at 08:00 and 14:00 h. The diets were fed in mash form, and water was supplied ad libitum by nipple drinkers. Daily rations were calculated to 85% of voluntary feed intake, according to ARC (1981) . At about 45 kg of body weight, nutrient digestibility was measured in all pigs by an indirect method, with Cr 2 0 3 as the indicator, over a 5-day collection period. Pigs were slaughtered at 70 kg liveweight using electric stunning. Additionally, 10 pigs weighing 25 kg were slaughtered to provide the initial body composition. The left half-carcasses and viscera were autoclaved for 8 h, ground and homogenized. Bristles were also quantitatively collected and dried. All materials were analyzed for protein, ether extract, water, ash, Ca, and P contents. Retention of nutrients in the body during growth from 25 to 70 kg was measured from the differences between the final and initial contents. The amount of phosphorus excreted (via faeces, urine and hair) was calculated as the difference between P consumed by pigs and P retained in their body.
The right half carcass was partially dissected into lean and fat. Additionally 3 bones (the femur, third metacarpal and third metatarsal) from the right half-carcass were taken for determination of physical and mechanical characteristics. Bones were stored at -28°C in plastic bags to maintain the original moisture content. After defrosting, adhering tissue was removed, the bones were weighed and measured (length of total bone, diameter of bone shaft and bone volume). Volume was determined by placing the whole bones into water and recording the quantity of water displaced. Bone density was calculated as the weight-to-volume ratio.
The mechanical properties of bones were determined by flexion testing with an Instron Universal Testing Machine. The bones were treated as beams supported at each end and a force was applied at midshaft. The force was applied at a constant rate of 6 mm/min with a recorder. The elastic deflection of bone to permanent damage was measured (with a tensiometer), and force required to break the bone was also determined.
Breaking force was used to estimate bending moment, which allows comparison of breaking strength of bones of different lengths. Bending moment (Mb) was expressed as N x m and was determined by the formula: Mb = (force x length) / 4 where: -force (Newton) applied in the midpoint of the shaft until breaking -length equals the distance between the two fulcra points that support the bone, and was 0.03 m (for the metacarpal and metatarsal) or 0.07 m (for the femur).
Analytical methods
Feeds, faeces, and samples of pig bodies were analyzed according to standard methods (AOAC, 1990 ). Gross energy of feeds was determined by combustion of samples in a bomb calorimeter. Phosphorus was determined photometrically using the vanado-molybdate method, Ca from ash solutions by atomic absorption spectrophotometry. Phytase activity of ingredients and feed mixtures was measured according to Eeckhout and De Paepe (1994) , one unit (FTU) of phytase activity being defined as the activity liberating lmmole of inorganic phosphate per minute from 0.0015 mole of sodium phytate at 37°C and pH 5.5. Phytate was estimated according to Tangkongchitr et al. (1981) modified by Antoniewicz et al. (1992) .
Statistical analysis
The data were subjected to a least squares analysis of variance using the Anova method. The significance of differences among means was tested with the Tukey least significance difference test. All calculations were performed using Statgraphics Plus, Version 7.0. Because no interaction between protein source and dietary additives was observed, besides for fat content in the body (Table 6) , only the main effects of the dietary treatments are given in the Tables 2-7.
RESULTS
Effect of microbial phytase
Addition of microbial phytase to the RSM and SBM-basal diet did not influence growth performance (Table 3 ) and slaughter results (Table 4) but increased (PO.01) digestibility of P by 14.0 and 11.6 percentage units, respectively (Table 2) . Thus, the concentration of digestible P increased from 1.98 to 2.77 g/kg in the RSM diet, and from 1.93 to 2.41 g/kg in the SBM diet. As a further result, the breaking forces of the bones of pigs fed diets supplemented with microbial phytase were greater (P>0.05) than in control pigs (Table 5 ). The supplemented pigs contained on an average 1.55 g ash, 0.58 g Ca and 0.34 g P/kg more (PO.01), and had higher (PO.01) ratio of ash and phosphorus to protein in their empty body (Table 6) . Also, daily ash, calcium and phosphorus deposition was significantly higher (PO.01) by 1.9, 0.63 and 0.38 g in animals fed supplemented diets. In these pigs, however, utilisation of digestible P was 17 percentage units lower than in pigs given the basal diet (69 vs 86%; Table 7 ).
Effect of dicalcium phosphate
Inclusion of dicalcium phosphate into RSM-diet non-significantly decreased digestibility of energy by 1.3 percentage (P>0.05) and increased digestibility of P by 6.5 percentage units (PO.01) and digestible P content by 0.78 g/kg of diet (Table 2) . Pigs from the RSM/D group deposited significantly (PO.01) more 2.6 g ash, 0.9 g Ca and 0.5 g P, and contained correspondingly more ash and Ca and P in the body than pigs from the RSM/B group. The ratios of ash and phosphorus to protein were also higher (PO.01) than in pigs given the phosphate unsupplemen- ted diet (Table 6 ). However, utilisation of digestible P was lower in the RSM/D than in the RSM/B group (0.70 vs 0.87%). Digestibility of P in the control SBM/B diet, containing some inorganic P was 46.5%) ( Table 2 ). Further inclusion of inorganic phosphorus (SBM/D) improved digestibility of P by 1.8 percentage units (P>0.05) and increased the digestible P content in the diet from 1.93 to 2.58 g/kg. The breaking force of bones, namely of the 3 metatarsal, was increased (P<0.01). The amounts of ash, Ca and P deposited in the body per day as well as the ratio of Ca and P to protein were significantly higher in the SBM/D than SBM/B group (Table 6 ). Similarly as in the RSM diet, supplementation of the SBM-basal diet with phosphate also reduced utilisation of digestible P from 0.85 to 0.73%.
Pigs reacted more distinctly to the addition of dicalcium phosphate than microbial phytase. However only P digestibility differed significantly between these groups. Pigs receiving the basal diet plus 1000 FTU/kg phytase digested P more efficiently by 8.7 percentage units than pigs fed the diet supplemented with dicalcium phosphate.
Effect of protein feeds
The digestibility of protein, energy, ash and phosphorus in diets containing SBM was higher than in the RSM diets. These differences equaled 4.7, 2.3, 9.0, and 9.5 percentage units, respectively. Pigs fed SBM diets deposited 10 g more protein daily (P<0.05) and 2 g more fat (P>0.05) than those fed the RSM diet (Table 6 ). Lower deposition of protein in the body of pigs fed the diet with RSM is presumably connected with lower ileal digestibility of amino acids in RSM than Chemical body composition (Buraczewska et al., 1999) . Animals given the SBM-diets contained less Ca and P in their bodies and had a lower ratio of ash to protein and P to Ca (P<0.01). They also excreted less P than their analogues given diets with RSM (Table 7) . The carcass dressing percentage of pigs fed the SBM diet was 2.3 % higher (PO.01) than of pigs given RSM-based rations (Table 4) . 
DISCUSSION
The phytase activity in wheat and barley (1710 and 795 FTU/kg, respectively) was relatively high, but even two fold higher values have been found in the literature . It is also important to point out that the cereals used in the present study were not artificially dried during or after harvesting in order to avoid possible inactivation of the enzyme, as high temperatures markedly reduce P digestibility in feedstuffs with phytase (Jongbloed and Kemme, 1990) . Phytase activity in the feeds after storage for 40-50 d was about 10% lower than at the beginning of the experiment. However, such a decrease of enzyme activity did not depend on the type of feed or Natuphos supplementation. Loss of phytase activity during storage of cereal diets is reported also in other studies (Frapin, 1996) . Under optimal conditions of cereal storage, a loss of 5% enzyme activity over 1 month is reported for both Natuphos (Giinther, 1996) and intrinsic phytase in ground grains (Frapin, 1996) .
Phosphorous digestibility in the basal diet containing RSM was 34.7% and was similar to the digestibility of P in wheat-RSM and barley-RSM mixtures obtained in a short-term study by Fandrejewski et al. (1997) and agreed with the results of Nasi et al. (1995) with barley-RSM diets. This is 5-8 percentage units higher than estimated according to Nutrient Requirements of Pigs (1993) , suggesting a beneficial effect of plant phytase present in barley and wheat on digestibility of phytic P in the whole diet. Moreover, phytase added to diets containing RSM increased P digestibility at a similar rate (by 14 units) in both earlier (Nasi et al., 1995; Fandrejewski et al., 1997) and the present studies. Based on the results of this experiment, 1000 FTU microbial phytase releases 0.78 g digestible R This is in agreement with the study of Jongbloed et al. (1996) , who found that 500 to 2000 FTU of microbial phytase releases between 0.8 and 1.0 g of digestible R It should be added that a dose of 1000 FTU/kg of microbial phytase was not in excess, since in RSM-cereal diets the steady state in the increase of P digestibility due to microbial phytase was reached when phytase level was 30% higher then in the present study (Weremko, 1998) .
Microbial phytase in the SBM-diet increased P digestibility to a similar degree as in the RSM diet, but released much less phosphorus (0.48 g P per 1000 FTU of Natuphos). This is also less than obtained with maize-soyabean diets as reported by Kornegay and Qian (1996) . The present work clearly indicates that phosphorus liberated by phytase depends on the concentration of P chemically bound in phytate molecules and on the amount of microbial and plant phytases in the diet. Thus, a dose of 1000 FTU microbial phytase was in excess in the SBM, but not in the RSM diet, which contained more phytic P (3.8 vs 2.4 g/kg). Our results also suggest that in diets rich in phytic P the effect of both kinds of phytase is additive. However, it is not complete due to the different, broader pH spectrum of activity of this type of phytase, as found by Eeckhout and Paepe (1996) .
In these studies pigs were fed diets differing by 40% in their digestible phosphorous contents (from 1.9 to 2.8 g/kg). The pigs receiving the largest amount of digestible P deposited about 4 g of P daily in their bodies. In the dry fat-free mass of these pigs the P concentration (about 30 g/kg) was similar to that found in growing gilts fed diets containing excess macroelements (Fandrejewski et al., 1986) . It can, therefore, be concluded that the mineral requirements of these pigs were fully covered. On the other hand, both basal diets led to a decline in P deposition, which, however, did not lead to visible changes in the motoric behaviour of these animals. The performance of all of the animals was normal and no differences were found among the groups in carcass or bone quality, with the exception of the lower breaking strength of the 3 metacarpal, but bones vary widely in sensitivity to P deficit.
In contrast with literature data (Mroz et al., 1994; Nasi et al., 1995; Helander et al., 1996) , in this study supplementation with microbial phytase did not improve digestibility and retention of other phytate-bound nutrients. Many authors have found that phytase improves the digestibility and retention of energy (Ketaren et al., 1993) , protein (Mroz et al., 1994; Helander et al., 1996) or particular amino acids (Mroz et al., 1994) . On the other hand, Nasi et al. (1995) failed to find increased N retention in pigs fed diets containing RSM. This may indicate that in these types of studies, the proprietary type of phytase used should be taken into account. For example, in previous studies ) the addition of Allzyme phytase significantly improved protein and energy digestibility in diets having similar compositions as those in this experiment in which Natuphos phytase was used.
The main differences were found in the chemical composition of the body, particularly in the amounts of Ca and P. Deposition of P and Ca was higher when phytase or inorganic phosphorous were added than in pigs fed the control diets. The average increase in P and Ca retention in response to phytase supplementation was in agreement with earlier studies (Lantzch et al., 1995; Jongbloed et al, 1996) . Although deposition of these elements increased, the Ca:P ratio in the body did not change, hence the conclusions that there is no need to adjust the Ca content in the diet when using phytase . In the studies of Nasi et al. (1995) the addition of phytase, although without effect on Ca absorption, did increase its deposition, leading to a decrease in urinary excretion of Ca.
The dependence between the amount of P absorbed and deposited in the body was greater for digestible P (r = 0.89) than total P (r = 0.79), but these relationships were not linear, even for digestible P. The utilisation of digestible P was significantly better (85-87%) in pigs fed the control diet than in the remaining groups (67-73%o). Increasing P retention by supplementing the diet with inorganic P or microbial phytase decreased its utilisation. Fernandez (1995) also found that net retention of P increased as the amount of absorbed P increased, but the ratio of deposited to absorbed P decreased gradually as absorption increased, which in effect caused a reduction in P utilization. The utilisation of digestible P in our study was 5-10% lower than reported in the literature (Lantzch et al., 1995; Nasi et al., 1995; Helander et al., 1996) . This difference may be in part explained by the methods used to measure P balance (in metabolic cages or by comparative slaughter technique) which give different results (Jongbloed, 1987) .
Although the amount of digestible P in diets affected P deposition, it had no effect on that of protein. In this study, lowering protein deposition from 4.1 to 3.4 g/day did not affect protein deposition, which remained at about 120 g/day.
It can, therefore, be concluded that the lower limit of P deposition (0.19%) necessary to sustain homeostasis is below 3.4 g P/ day. The lowest level of digestible P in the basic diet used in this study was 0.2-0.3 g/kg feed lower than given in the NRC standards (1998).
Most of the studies reported in the literature have been performed on soyabean and maize diets, while RSM has high levels of phytate, glucosinolate and other antinutritive factors. For this reason the efficacy of phytase treatments could be different from that in maize and SBM diets (Pointillart et al., 1985) . In our study carcass dressing of pigs fed the SBM diet was 2.3 percentage points greater (P<0.01) than of pigs given RSM-based diets. This was presumably due to the hypertrophic influence of glucosinolates on internal organ weight, which is in agreement with the results of Bourdon and Aumaitre (1990).
The results of the present study indicate that diets formulated with wheat and barley and a high proportion of RSM (25%) may meet the requirement of growing pigs for P without the necessity of adding inorganic P. Although supplementation of such diets with inorganic P increases the safety margin for bone mineralization, large amounts of P are then excreted into the environment (Table 7) . From the present study can also concluded that diets formulated with SBM and cereals rich in native phytase and further supplemented with microbial phytase are an appropriate feed for growing pigs, since feeding such a diet containing 0.19% of digestible P allows achieving good production results. STRESZCZENIE Wyniki produkcyjne, sklad ciala i tuszy oraz charakterystyka kosci swin zywionych dawkami z udzialem poekstrakcyjnej sruty rzepakowej lub sojowej i ziarna zboz z wysoka^ zawartosci^ fitazy roslinnej, uzupelnionymi fitazq mikrobiologiczn^ lub fosforem nieorganicznym Trzydziesci trzy loszki, o masie ciala 25-70 kg, zywiono mieszankami izoenergetycznymi i izobialkowymi zlozonymi z poekstrakcyjnej sruty rzepakowej (RSM) lub sojowej (SBM) oraz pszenicy i JQCzmienia, zawieraja^cymi fitazy roslinna^ powyzej 900 FTU/kg. Do paszy podstawowej zawieraja^cej 0,19-0,20% strawnego fosforu dodano fitazQ mikrobiologiczna^(1000 FTU/kg, Natuphos®) lub dwufosforan wapnia, aby ilosc P strawnego pokrywala zapotrzebowanie zgodnie z normami. Okreslono wspolczynniki strawnosci pozornej skladnikow pokarmowych, przyrosty dzienne i wykorzystanie paszy, cechy fizyko-mechaniczne kosci udowej, srodr^cza i srodstopia oraz sklad chemiczny ciala.
Dodatek fitazy mikrobiologicznej w wiejcszym stopniu zwi^kszyl zawartosc fosforu strawnego w mieszance ze sruta^ rzepakowq. (o 0,78 g) niz sojowa^ (o 0,48 g/kg), oraz srednio o 1,55; 0,58 i 0,34 g/kg zwiekszyl zawartosc popiofu, wapnia i fosforu w ciele swih. Fitaza mikrobiologiczna zwiekszyla proporcje. P i Ca do bialka, ale nie zmienila proporcji Ca do P ani zawartosci bialka i energii w ciele, nie wplyneja na wartosc rzezna^ tuszy i cechy fizyko-mechaniczne kosci z wyja> kiem kosci srodstopia, ktorej wytrzymalosc na zlamanie byla wiej<:sza u swin zywionych mieszankq. podstawowa^ z dodatkiem fosforanu. Wykorzystanie P bylo istotnie lepsze przez swinie zywione pasza^ podstawowq. (85-87%) niz z dodatkiem fitazy lub fosforanu (67-73%).
Stwierdzono, ze obnizenie w dawce zawartosci fosforu strawnego do 0,19% nie pogarszalo dobowego odlozenia bialka w ciele. Sruta rzepakowa be^daca jedynym skladnikiem wysokobialkowym w mieszance z JQczmieniem i pszenica^ dostarczala wystarczaja^ca^ ilosc P do pokrycia potrzeb rosnacych swih. Badania sugeruja^ ze fitaza roslinna zawarta w zbozu wplywa korzystnie na wykorzystanie fosforu fitynowego calej dawki.
